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The Muon Spectrometer for the ATLAS experiment at the Large Hadron Col-
lider (LHC) is designed to identify muons with momenta greater than 3 GeV/c
and measure muon transverse momenta up to greater than 1 TeV/c. The per-
formance of the complete software chain is described in this article.
Keywords: Track reconstruction; Muon; The ATLAS experiment.
1. ATLAS Muon Spectrometer
The ATLAS experiment is a general purpose detector at the LHC designed
to extend the particle physics frontier into unexplored energies.1,2 The AT-
LAS Muon Spectrometer (MS) is required to have good muon identification
and transverse momentum (pT ) resolution over a wide range of pT with
large acceptance. The required pT resolution at pT = 1 TeV/c is 10%. The
ATLAS experiment has one barrel toroid magnet and two endcap toroid
magnets for the MS, and one solenoid magnet for the Inner Detector (ID)
and calorimeters. The toroidal and solenoidal magnetic fields bend particles
in the r-z and r-φ planes, respectively. Figure 1 shows the cross-section of
the MS. There are two kinds of precision chambers, Monitored Drift Tube
(MDT, |η| < 2.7) and Cathode Strip Chamber (CSC, 2.0 < |η| < 2.7).
The barrel MDT chambers measure the z coordinate and the endcap MDT
and CSC chambers measure the r coordinate to provide the η coordinate.
There are two kinds of trigger chambers, Resistive Plate Chamber (RPC,
|η| < 1.05) in the barrel and Thin Gap Chamber (TGC, 1.05 < |η| < 2.7)
in the endcap. The trigger chambers also provide the φ coordinate mea-
surements.
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Fig. 1. Cross-section of the ATLAS Muon Spectrometer in a plane containing the beam
axis.
2. Muon Track Reconstruction
The following are the challenges for reconstructing muons with the MS:
• Complexity of the geometry and magnetic field
• Region at |η| ∼ 1.5 where the magnetic field integral is small and
the magnetic field gradient is large
• Regions where the numbers of precise measurements are limited
– Only a part of MDT EE chambers have been installed at |η| ∼
1.2.
– There exist holes at |η| ∼ 0 for service materials.
– There exist holes at φ ∼ 250◦ and 290◦ for the MS feet.
The required resolution means the precision chambers need to have about
40-µm resolution and the alignment precision needs to be about 30 µm. In
the low-pT range, the energy loss fluctuation in calorimeters dominates the
pT resolution for the MS standalone tracking. In order to achieve better
pT resolution and fill the holes in the MS, information from the ID and
calorimeters is used (combined tracking, segment tagging and calorimeter
tagging).
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2.1. Standalone tracking algorithms
There are two MS standalone tracking algorithms, Muonboy and MOORE.
The MS standalone tracking starts from identification of Regions Of Activi-
ties (ROA) of trigger chambers. Muonboy uses iterative fitting and MOORE
uses the Hough transform for the pattern finding. Local track segments
around ROA are reconstructed. The reconstructed track segments are com-
bined to form track candidates. Fitting of track candidates uses the full
information of hits, magnetic field and material. The tracks are extrapo-
lated to the Interaction Point (IP) taking into account energy loss in the
calorimeters. Muonboy treats the energy loss by parameterization while
MOORE also uses calorimeter measurements when available. The trajec-
tory is expressed with five parameters of the charged inverse momentum
(q/p), track angles (θ and φ) and coordinates of the perigee (d0 and z0).
The covariance matrix of the parameters is also provided. The pointing
constraint to IP is relaxed when cosmic muons are reconstructed.
2.2. Combined tracking algorithms
Standalone tracks are matched with ID tracks by back-tracking from the
MS to the ID (the ID coverage is |η| < 2.5) and are combined into single
tracks. There are two combined tracking algorithms, STACO and MuID.
STACO combines Muonboy and ID tracks statistically using those covariant
matrices. MuID combines the MOORE and ID tracks by global fitting using
the original measurements in the MS and ID. The two algorithms give
comparable results. Figure 2 shows the pT resolution as a function of η
(left) and pT (right) with single muon Monte Carlo (MC) samples. The pT
resolution of the ID is better than that of the MS for pT < 40 (10) GeV
in the barrel (endcap) region. Combined tracks have better pT resolution
than MS standalone tracks over the full pT and η ranges.
2.3. Segment tagging
Segment tagging is used to extend the acceptance to lower pT and fill the
efficiency gap at |η| ∼ 1.2 by associating ID tracks to MS segments. There
are three kinds of algorithms, MuTag, MuTagIMO and MuGirl. MuTag uses
unused Muonboy segments at one or two MS stations. MuTagIMO searches
nearby MOORE segments for all the MS stations. MuGirl extrapolates ID
tracks to the MS and finds matched hits. MuGirl creates MS segments
by fitting with the hits and refits the ID track including the hits from
the segments. All the three algorithms give comparable results. Figure 3







































































Fig. 2. Transverse momentum (pT ) resolution is shown as a function of pseudo-rapidity
(η) (left) and pT (right). Filled and open squares show the pT resolution for the stan-
dalone and combined tracking, respectively.
shows the muon efficiency with MC samples. The segment tagging fills the
efficiency gap at |η| ∼ 1.2 and enhances the efficiency in the low pT range.
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Fig. 3. Efficiency of muons is shown as a function of η (left) and pT (right). “All” in-
cludes the efficiencies of the standalone and combined tracking, and the segment tagging.
The calorimeter tagging is not included.
2.4. Calorimeter tagging
Calorimeter tagging is used to fill the holes in the MS at η ∼ 0. In order
to identify muons, CaloMuonTag simply apply cuts on energy depositions
and CaloMuonLikelihood uses the likelihood function derived from MC.
3. Performance
Segment efficiency for the barrel region of the MS is evaluated with cosmic
muons taken in 2008. The MS standalone tracks with segments in at least
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two stations out of three stations (Inner/Middle/Outer, see Fig. 1) are used
for the evaluation. Then, the existence of a segment in the third station
is checked. The average obtained efficiency in the barrel is 94.6% (Inner,
BI), 99.4% (Middle, BM) and 97.7% (Outer, BO). Low efficiency in some
chambers in the BI and BO is due to the geometrical acceptance.
The cosmic data are compared to the cosmic MC. The data and MC
are in good agreement on the differences of the d0 and momentum parame-
ters between MS and ID standalone tracks (Fig. 4). The agreement means
that the tracking resolution and the energy loss in the calorimeters are
understood and well modeled.
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Fig. 4. Comparison between cosmic data and cosmic MC on differences of the d0 pa-
rameter (left) and momentum (right) between ID and MS standalone tracks.
4. Summary
The Muon Track Reconstruction Software in the ATLAS experiment has
been developed with MC collision samples to achieve 10% pT resolution at
pT = 1 TeV/c. The software has been commissioned using cosmic muons
taken in 2008 and 2009. Further validation and improvement of the software
are ongoing.
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